a b s t r a c t Gd 1.95 Eu 0.04 M 0.01 O 3 (M = Li + , Na + , K + ) nanophosphors have been synthesized by a low temperature solution combustion (LSC) method. Powder X-ray diffraction pattern (PXRD), scanning electron microscopy (SEM), UV-vis and photoluminescence (PL) measurements were carried out to characterize their structural and luminescent properties. The excitation and emission spectra indicated that the phosphor could be well excited by UV light (243 nm) and emit red light about 612 nm. phosphor was improved evidently by co-doping with Li + ions whose radius is less than that of Gd 3+ and hardly with Na + , K + whose radius is larger than that of Gd 3+ . The effect of co-dopants on enhanced luminescence was mainly regarded as the result of a suitable local distortion of crystal field surrounding the Eu 3+ activator. These results will play an important role in seeking some more effective co-dopants.
a b s t r a c t Gd 1.95 Eu 0.04 M 0.01 O 3 (M = Li + , Na + , K + ) nanophosphors have been synthesized by a low temperature solution combustion (LSC) method. Powder X-ray diffraction pattern (PXRD), scanning electron microscopy (SEM), UV-vis and photoluminescence (PL) measurements were carried out to characterize their structural and luminescent properties. The excitation and emission spectra indicated that the phosphor could be well excited by UV light (243 nm) and emit red light about 612 nm. The effect of alkali co-dopant on PL properties has been examined. The results showed that incorporation of Li + , Na + and K + in to Gd 2 O 3 :Eu
3+
phosphor would lead to a remarkable increase of photoluminescence. The PL intensity of Gd 2 O 3 :Eu 3+ phosphor was improved evidently by co-doping with Li + ions whose radius is less than that of Gd 3+ and hardly with Na + , K + whose radius is larger than that of Gd 3+ . The effect of co-dopants on enhanced luminescence was mainly regarded as the result of a suitable local distortion of crystal field surrounding the Eu 3+ activator. These results will play an important role in seeking some more effective co-dopants. © 2011 Published by Elsevier B.V.
Introduction
It is well known that luminescent efficiency of phosphors can be enhanced by modifying their compositions. It has been reported that sometimes even very small quantities of co-dopants can lead to a great improvement of luminescent efficiency of phosphors [1] . Recently, there has been significant research on the development of high efficient phosphors with the incorporation of rare earth codopants or non rare earth dopants in to phosphors [2, 3] . The role of rare earth co-dopants is generally related to the process of energy transfer, up conversion and cross relaxation [4] . Contrary to that, the role of non-rare earth co-dopants is yet to be confirmed. Consequently, several effects of non-rare earth co-dopants, which are believed to be responsible for the increase of luminescence efficiency has been the subject of recent interest.
Alkali elements such as Li + , Na + , and K + were selected as codoping ions because of their wide application in luminescent host materials [5] . Since the ionic radius and charge state of alkali metal ions are different from those of host (Gd 3+ ), the crystal lattice would be distorted, and the high symmetry around Eu 3+ site can be destroyed and a better color parity can be achieved [6] . In our prior work, the Eu 3+ doped Gd 2 O 3 phosphor [7] and the enhanced luminescence of Gd 2 O 3 :Eu 3+ phosphors by co-doping with Li + ions were also reported [8] . All these results indicated that various codopants might exhibit different effects. Some ions may directly act as a flux or sensitizer [9, 10] and the others could enter into the host lattice, creating oxygen vacancies or altering the crystal field surrounding the activator, then affecting the luminescence performance of the phosphor [1] . Yu et al. [11] reported that alkali metal ions like LI + , Na + and K + co-doped SrZnO 2 :Eu 3+ were used to modify the local site symmetry of Eu 3+ for improving the luminescence efficiency, owing to their chemical nature of low oxidation states and distinct ionic radii. Li et al. [12] studied luminescence properties of CaAl 2 O 4 :Eu 3+ :R + (R + = Li, Na, K) phosphor prepared by solid state reaction method. Li et al. [13] have studied luminescent properties of CaMoO 4 :Tb 3+ :R + (R + = Li, Na, K) by solid state method. The incorporation of R + into CaMoO 4 :Tb 3+ phosphor could lead to a remarkable increase of PL. Further, the PL intensity depended on the co-doped concentration and intensity increases with R + molar concentration until the molar fraction of R + squares to Tb 3+ . The ionic radius of Ca 2+ , Tb 3+ and Na + is similar. Kuang et al. [14] studied the effect of RE 3+ (RE 3+ = Y, La, Gd, Lu) as a co-dopant in CdSiO 3 :Mn 2+ synthesized by solid state method. The ionic radii of the RE 3+ play an important role in the PL and thermoluminescence (TL) studies. The long lasting phosphorescence was observed in CdSiO 3 :Mn 2+ :Gd 3+ phosphor. This seems to result from energy transfer of the electrons traps and Gd 3+ ions to Mn 2+ ions.
After reviewing the literature, it was observed that, there is a lack of experimental results on the intercommunication between the co-dopants. It is very important to inquire into the characteristics of co-dopants so as to further understand the detailed mechanism of enhanced luminescence, and also help us to look for some more effective co-doping ions. To the best of our knowledge, this problem has been seldom studied. In the present work, various alkali ions such as Li + , Na + and K + were co-doped individually into Gd 2 O 3 :Eu 3+ nanophosphors by solution combustion method and a comparative study has been performed. The influence of codopants on the enhancement of photoluminescent properties of the phosphors was investigated in detail. ] is used as a fuel for combustion synthesis and was prepared in our laboratory [15] . An aqueous solution containing stoichiometric amounts of gadolinium nitrate, europium nitrate, Li/Na/K nitrate and ODH has been taken in a cylindrical Petri dish of approximately 300 ml capacity. The excess water is allowed to evaporate by heating over a hot plate until a wet powder is left out. Then the Petri dish is introduced into a muffle furnace maintained at 400 ± 10 • C. The reaction mixture undergoes thermal dehydration and ignites at one spot with liberation of gaseous products such as oxides of nitrogen and carbon. The combustion of ODH is exothermic and releases the energy required for the synthesis. The combustion propagates throughout the reaction mixture without further need of any external heating, as the heat of reaction is sufficient for the decomposition of redox mixture. The flame temperature was found to be 1000 ± 10 • C, which persists for few seconds, and was measured by an optical pyrometer.
Experimental

Instruments used
The phase purity of the nanophosphors was examined by Powder X-ray diffractometer (PXRD) (PANalytical X Pert Pro) using Cu K ␣ radiation with a nickel filter was used to estimate the crystallinity of the phases. The surface morphology of the product is examined by Scanning Electron Microscopy (SEM) (JEOL JSM 840A). The UV-vis absorption of the samples was recorded on SL 159 ELICO UV-VIS Spectrophotometer. The photoluminescence (PL) measurements was performed on a Shimadzu Spectroflourimeter (Model RF 510) equipped with 150 W Xenon lamp as an excitation source.
Results and discussion
It is well known that crystallinity and surface morphology show a strong effect on PL response of phosphor materials. Fig. 1(A) From the broad PXRD peaks, the crystallite size (d) was calculated using the Debye-Scherer's (D.S.) formula [16] .
where d is the average grain size of the crystallites, the incident wavelength, Â the Bragg angle and ˇ the diffracted full-width at half-maximum (FWHM) in radians caused by the crystallites. The mean crystallite size calculated from this method is found to be in the range 25-55 nm and it is tabulated in Table 1 . It was observed that with the same preparation condition but different impurities could affect the size of the Gd 2 O 3 :Eu 3+ nanocrystals. This behavior was in agreement with the crystallite size calculated for different peaks. Table 1 Various calculated parameters of as formed and heat treated Gd2O3:Eu 3+ samples. The grain size was also estimated from the powder X-ray diffraction line broadening (B) using the analysis described by Williamson and Hall (W-H) method [17] .
where B (FWHM in radian) is measured for different XRD lines corresponding to different planes, ε is the strain developed and D is the grain size. The equation represents a straight line between 4 sin Â (X-axis) and B cos Â (Y-axis). The slope of line gives the strain (ε) and intercept ( /D) of this line on the Y-axis gives grain size (D). It is observed that, the grain size determined from W-H method is slightly higher than that calculated from Debye-Scherrer formula ( Table 1 ). The small variation is due to the fact that in Debye-Scherrer formula strain component is assumed to be zero and observed broadening of diffraction peaks is considered as a result of reducing grain size only. The incorporation of suitable alkali atoms into the lattice of Gd 2 O 3 :Eu 3+ improves the crystallinity and better particle formation [8] . However, with inverse of concentration, the excess atoms are aggregated on the grain boundaries due to low solubility of alkali atoms in Gd 2 O 3 :Eu 3+ . Such surface states would affect the surface kinetics and affect the morphology as seen in Gd 2 O 3 :Eu 3+ samples with higher concentration. With Na + and K + as additives, the diffraction peaks shift to a smaller angle, but the doping Li + ions in Gd 2 O 3 :Eu 3+ results in the diffraction peaks shifting to a larger angle. These shifts of the PXRD peaks are attributed to the substitution of the Gd ions by alkali metal ions in host lattice Fig. 1 Na + (0.97Á) are larger than that of Gd 3+ (0.94Á), which results in a smaller angle shift of the peaks in the XRD patterns. However, the radius of Li + (0.68Á) is smaller than that of Gd 3+ which leads to a larger angle shift of the diffraction peaks. Similar type of results were obtained in Eu 3+ activated CaWO 4 phosphor co-doped with various alkali metal ions (Li + , Na + , K + ) and these changes are ascribed due to the cations with different radii and the host compound which results in some distribution of the sub lattice structure around the luminescent center ions [6] . In general, the doped Eu 3+ and alkaline ions are randomly distributed in the cation sites of the host. These cations with different radii in the host compound can result in some distortions of the sub lattice structure around the luminescent center ions, hence different PL properties are produced [18] . In order to study the effect of calcination temperature on codoped Gd 2 O 3 :Eu 3+ samples, the samples are heated at 600, 700, 800 and 900 • C for 3 h and the PXRD patterns are shown in Fig. 2(A-D) , respectively. It is observed that, upon calcinations, the intensity of PXRD peaks increases and it implies that better crystallization has been achieved. This better crystallization can be regarded as the result of flux effect of Li + , Na + and K + ions [19] .
Added impurities may influence the morphology of a given crystal by participating in the nucleation and growth, in which many overall factors integrate to dominate the process. The requirement of the charge compensation by the substitution dopant ion in Gd site would require different number of dopant ions and related to vacancy states [20] . The morphology of the phosphors was studied by using scanning electron microscopy. The SEM micrographs of Gd 2 O 3 :Eu 3+ as-formed and heat treated at 900 • C for 3 h show the phosphors are agglomerated from few microns to a few tens of microns, fluffy and porous in nature. The agglomeration of nanoparticles is usually explained as a common way to minimize their surface free energy. The voids and pores present in the sample are due to the large amount of gases produced during combustion synthesis. Further, the SEM micrographs of Li + , Na + , K + (1 mol%) co-doped Gd 2 O 3 :Eu 3+ phosphor heat treated at 900 • C for 3 h was also studied and show the reduction in agglomeration and better crystallinity.
The UV-vis absorption spectra of Gd 2 O 3 :Eu 3+ and Gd 2 O 3 :Eu 3+ M + (M + = Li + , Na + , K + ) are shown in inset of Fig. 3(A-D) , respectively. All the spectra have strong absorption in the UV spectral region and with some weak peaks in the visible region which are due to intra-4f transitions of Eu 3+ at lower wavelength. The M + co-doped sample exhibits a visible increase of absorbance and an obvious red-shift of the absorption edge compared with the one without M + co-doping (Gd 2 O 3 :Eu 3+ ). It has been known that the position of the absorption edge is determined by the width of forbidden band with O 2p orbits as the valence band in multi component oxides. Occupation of Gd 3+ sites by M + ions would naturally give rise to a substantial number of oxygen vacancies, which may change the energy band structure and enhance the deformation degree of O 2p orbits and the superposition of the electronic wave functions, and then result in narrowing the forbidden band and shifting the absorption edge to the red.
The optical band gap energy (E g ) of Gd 2 O 3 :Eu 3+ and Gd 2 O 3 :Eu 3+ M + (M + = Li + , Na + , K + ) (as-formed and heat treated at 600-900 • C for 3 h) are estimated by the method proposed by Wood and Tauc and are shown in Fig. 3(A-D) [21] . According to these authors, the optical band gap is estimated with absorbance and photon energy by the following equation
where ˛ is the absorbance, h is the Planks constant, is the frequency, E g is the optical band gap and k is the constant associated to the different types of electronic transitions k = 1/2, 2, 3/2, 3 for direct allowed, indirect allowed, direct forbidden and indirect forbidden transitions, respectively. According to literature [22] the oxides are characterized by an indirect allowed electronic transition and hence, the k = 2 value was adopted as standard in Eq. (3). Thus the E g values was evaluated by extrapolating the linear portion of the curve or tail [(h ˛) 1/k = 0] in the UV-vis absorbance spectra. A plausible explanation for the variations observed in the E g values can be related to the degree of structural order-disorder in to the lattice, which is able to change the intermediary energy level distribution within the band gap.
The variations in the band gap values might also be due to substitution of Gd ion with smaller Li + ion which can induce the shrinking of the host lattice. Whereas, higher, atomic radii (Na + , K + ) ions occupying the interstitial sites leads to the expansion of the host lattice. Substitution of Na + and K + in Gd 3+ sites would naturally generate a substantial number of vacant sites in oxygen ion and then expand the lattice with decrease of crystal density. So the observed lattice expansion with Na + , K + co-doping might be attributed to the weakening of bond strength due to formation of oxygen vacancies. These results indicated that the host lattice shrinks with the radii of Li + and then expand when radius of Na + and K + higher then Gd, while the phosphors heat treated from 600 to 900 • C for 3 h, the absorption spectra show more ordered/crystalline materials. On the basis of this information if the structure becomes more ordered with the heat treated samples, i.e. when the concentration of structural defects (oxygen vacancies, distortions and/or strains in the lattice) is reduced. The presence of intermediary energy levels (deep and shallow holes) is minimized within the optical band gap and consequently, the E g values increase. As it can be seen, the energy gap values (Table 1) are mainly depends on experimental conditions (heat-treated and processing time) and dopants added. In particular, these key factors can favor or inhibit the formation of structural defects, which are able to control the degree of structural order disorder in the material and consequently, the number of intermediary energy levels within the band gap. Fig. 4(A-D) shows the photoluminescence excitation (PLE) spectra of as-formed Gd 2 O 3 :Eu 3+ and Li + , Na + , K + co-doped Gd 2 O 3 :Eu 3+ , respectively. The PLE spectra consist of a broad excitation band in the range 220-280 nm. The peak nearing 240 nm originates from the excitation of Gd 2 O 3 host lattice (HL). Comparing with Gd 2 O 3 :Eu 3+ , it is apparent that the CT bands in Li + , Na + , K + are shifted to ∼3 nm which can be assigned to charge transfer band (CTB) of Eu 3+ -O 2− resulting from an electron transfer from the oxygen (O 2− ) 2p 6 orbits to the empty 4f states of Eu 3+ configuration [23] . The CTB of the Li + , Na + , K + co-doped phosphors was found to be broadened and red shifted when compared to Gd 2 O 3 :Eu 3+ phos- phor and the amount of red shift increased with increase of atomic radius alkali metal ion.
The PL emission spectra of as-formed Gd 2 O 3 :Eu 3+ and Li + , Na + , K + co-doped Gd 2 O 3 :Eu 3+ are shown in Fig. 5 . It consists of sharp and intense bands with peak positions at 594, 612 and 628 nm along with a weak band with peak position at 582 nm in the 550-650 nm spectral regions. The weak emission band observed at 582 nm can be assigned to the 5 D 0 → 7 F 0 transition, the band obtained at 594 nm can be assigned to 5 D 0 → 7 F 1 magnetic dipole transition and the other two emissions observed at 612 and 623 nm can be assigned to 5 D 0 → 7 F 2 indicated electric dipole transition of Eu 3+ ions. Among these emission transitions, the magnetic dipole transition is independent of local environment while the electric dipole transition is hypersensitive to the symmetry of local environment around Eu 3+ ions. The intensity distribution of the 5 D 0 → 7 F J transitions among different J (J = 0, 1, 2, 3) levels depends on the symmetry of the local environment around Eu 3+ ions and can be described in terms of Judd-Ofelt theory [24, 25] . According to the selection rules, magnetic dipole transition is permitted and electric dipole is forbidden, but for some cases in which local symmetry of the activators without an inversion center, the parity forbidden is partially permitted, such as Eu 3+ ion occupying C 2 cites in Y 2 O 3 :Eu 3+ [26] .
The emission intensity of Gd 2 O 3 :Eu 3+ and Li + , Na + , K + co-doped [27] , which leads to enhancement of PL. the improvement of PL intensity with Li + , Na + , K + may be attributed to the improved crystallinity which leads to higher oscillator strength for the optical transitions [28] , as well as enlarged grain sizes inducing lower scattering loss. Further, substitution of Li + , Na + , K + in to Gd 3+ sites would eventually a substantial number of oxygen vacancies on the surface of the phosphor. These oxygen vacancies might act as sensitizer for the energy transfer from host to Eu 3+ ion due to the strong mixing of charge transfer states and enhances the luminescence intensity [29] . The PL intensity in as-formed Li + co-doped samples is higher when compared to as-formed Gd 2 O 3 :Eu 3+ and Na + and K + codoped samples (Fig. 6) . Further, it is observed that the ratio of 5 D 0 → 7 F 1 / 5 D 0 → 7 F 2 is called as symmetric ratio (inset of Fig. 8) , gives a measure of the degree of distortion from inversion symmetry of the local environment surrounding the Eu 3+ ions in the host matrix. The symmetric ratio is lower for Li + co-doped samples when compared to Gd 2 O 3 :Eu 3+ and Na + , K + co-dopants.
It is well known that relative intensity of 5 D 0 → 7 F 1 and 5 D 0 → 7 F 2 transitions strongly depended on the local symmetry of Eu 3+ ions. Subsequently, when Eu 3+ ion occupy the cites with inversion centers, the 5 D 0 → 7 F 1 transition should be relatively strong; while, the 5 D 0 → 7 F 2 transition is parity forbidden and should be very weak. The effect of enhanced luminescence is weak if the size of the co-doping ion is larger than that of Gd 3+ . It could be regarded that incorporation of the co-doping ions in host lattice will introduce a stress in the neighboring of the co-dopant, i.e. Gd 3+ or Eu 3+ due to the Eu 3+ ions incorporated in to the Gd 3+ sites [30] . Thus, the crystal field surrounding the Eu 3+ ions would be altered. The sites offered for Eu 3+ ions will have more reduced symmetry which is able to lift the parity selection rule and increase transition possibility of electron, and then result in an increase of PL intensity [31] . Additionally the local distribution will be enhanced with the increase of the positive size co-dopant and the host cation [32] . To further understand the effect of co-dopant on enhanced luminescence emission emphasis will be upon the Li + , Na + , K + co-dopant samples in the following discussion. The co-doping ions may act as flux directly [19] or enter the host lattice at substitutional sites, creating the oxygen vacancy, which acts as a sensitizer for promotion of the energy transfer [9] . In the present study, all the three types of alkali metal ions are able to enhance the luminescence of the phosphor and among them co-doped with Li + show the highest red emission intensity.
The ionic radius of the Li + is 0.68Á which is smaller than that of Gd (0.94Á), while Na + and K + 0.97Á and 1.33Á which is bigger than Gd 3+ site. The evident change of the emission intensity is due to the difference in the ionic radii of the alkali metal ions. Thus Li + is expected to cause less distortion in the crystal structure of the phosphors. The alkali metal ions such as Li + , Na + , K + have the valance electronic configurations of noble gases. With the ionic radii increasing; the difference of ionic radii gives rise to the diversity of the sub-lattice structure around the luminescent center ions, which influences the spin orbit coupling and crystal field of Eu 3+ ions [33] . The difference in ionic radii of alkali metal ions Eu 3+ and Gd 3+ ions will slightly influence the coordination conditions for Eu 3+ when alkali metal ions were co-doped in to Gd 2 O 3 :Eu 3+ . In consequence, the Eu-O distance may change slightly and the peaks and relative intensities of excitation and emission for Gd 2 O 3 :Eu 3+ M + (M + = Li, Na, K) would be different with different alkali ions co-doping.
It could be believed that alkali metal ions incorporation introduces some bound electron-hole pairs. In Gd 2 O 3 :Eu 3+ , alkali metal ions (Li + , Na + , K + ) substitute for Gd 3+ create point defects such as oxygen vacancies. The radius and charge number of alkali metal ions (Li + , Na + and K + ) are much different from those of Gd 3+ lattice of Gd 2 O 3 :Eu 3+ will cause the information of bond electron-hole pair. The PL spectra of Gd 2 O 3 :Eu 3+ and Li + , Na + , K + co-doped Gd 2 O 3 :Eu 3+ (as-formed and heat treated at 600-900 • C) phosphors excited with 243 nm was also studied narrow emission peaks are observed which are due to the shielding effect of 4f electrons by 5s and 5p electrons in the outer shells of the Eu 3+ activator. The strongest emission peaks located at 612 nm is assigned to 5 D 0 → 7 F 2 transition of Eu 3+ ions, and the peaks at around 593 and 705 nm are due to 5 D 0 → 7 F 1 and 5 D 0 → 7 F 4 transition, respectively. It is obvious that different co-dopants have different contributions on PL intensity of Gd 2 O 3 :Eu 3+ phosphor and the intensity is improved remarkably by co-doping with Li + , Na + and K + . The incorporation of co-doping ions in the host lattice is associated with the mismatches in size and electro negativity between co-dopant and host cation. Further it is evident that PL intensity of Gd 2 O 3 :Eu 3+ phosphor is enhanced drastically by the co-doping ion whose radius is smaller than that of Gd 3+ ion. Further, it is observed that in all the cases, the PL intensity increases as calcinations temperature increases. Fig. 7 shows the PL intensity (as-formed and heat treated at 600-900 • C for 3 h) of Gd 2 
